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ABSTRACT HIV-1 infection of macrophages leads to the sequestration of newly
formed viruses in intracellular plasma membrane-connected structures termed
virus-containing compartments (VCCs), where virions remain infectious and hid-
den from immune surveillance. The cellular restriction factor bone marrow stro-
mal cell antigen 2 (BST2), which prevents HIV-1 dissemination by tethering bud-
ding viral particles at the plasma membrane, can be found in VCCs. The HIV-1
accessory protein Vpu counteracts the restriction factor BST2 by downregulating
its expression and removing it from viral budding sites. Numerous studies de-
scribed these Vpu countermeasures in CD4" T cells or model cell lines, but the
interplay between Vpu and BST2 in VCC formation and HIV-1 production in mac-
rophages is less explored. Here, we show that Vpu expression in HIV-1-infected
macrophages enhances viral release. This effect is related to Vpu's ability to cir-
cumvent BST2 antiviral activity. We show that in absence of Vpu, BST2 is en-
riched in VCCs and colocalizes with capsid p24, whereas Vpu expression signifi-
cantly reduces the presence of BST2 in these compartments. Furthermore, our
data reveal that BST2 is dispensable for the formation of VCCs and that Vpu ex-
pression impacts the volume of these compartments. This Vpu activity partly de-
pends on BST2 expression and requires the integrity of the Vpu transmembrane
domain, the dileucine-like motif EsoXXXLVs, and phosphoserines 52 and 56 of
Vpu. Altogether, these results highlight that Vpu controls the volume of VCCs
and promotes HIV-1 release from infected macrophages.

IMPORTANCE HIV-1 infection of macrophages leads to the sequestration of newly
formed viruses in virus-containing compartments (VCCs), where virions remain infectious
and hidden from immune surveillance. The restriction factor BST2, which prevents HIV-1
dissemination by tethering budding viral particles, can be found in VCCs. The HIV-1 Vpu
protein counteracts BST2. This study explores the interplay between Vpu and BST2 in
the viral protein functions on HIV-1 release and viral particle sequestration in VCCs in
macrophages. The results show that Vpu controls the volume of VCCs and favors viral
particle release. These Vpu functions partly depend on Vpu's ability to antagonize BST2.
This study highlights that the transmembrane domain of Vpu and two motifs of the Vpu
cytoplasmic domain are required for these functions. These motifs were notably in-
volved in the control of the volume of VCCs by Vpu but were dispensable for the pre-
vention of the specific accumulation of BST2 in these structures.
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acrophages are one of the major cellular targets of HIV-1 and play a critical role

in HIV-1-mediated disease. Infected macrophages are distributed throughout the
tissues and organs and are able to produce a large number of viral particles over an
extended period. Moreover, macrophages are more resistant to HIV-1 cytopathic effect
than CD4* T cells and appear to act as a pharmacologic sanctuary for HIV-1 when patients
are under combination antiretroviral therapy (1-4). Macrophages could thus participate in
HIV-1 propagation in infected individuals, notably by enabling virus spread through direct
cell-to-cell contact with HIV-1 target cells via the so-called virological synapse (5) or by the
selective capture of HIV-T-infected T cells (6).

In contrast to CD4™ T lymphocytes, HIV-1 replication in macrophages leads to the
accumulation of mature viral particles in intracellular structures termed virus-
containing compartments (VCCs) or intracellular plasma membrane-connected com-
partments (IPMCs) (7-9). Several studies showed by electron microscopy that the
accumulation of viral particles in VCCs results directly from the assembly and budding
of viral particles at the limiting membrane of VCCs (10-14). However, other studies
revealed that viral assembly occurs at the cell surface of the macrophage prior to the
internalization of the newly budded virions and, subsequently, to the sequestration of
virus in VCCs (15-17). These discrepancies could be explained by the complex archi-
tecture of VCCs: these structures are composed of both a tubular network connected
to the cell surface by narrow channels and enclosed vesicular compartments (18-20).
Several evidences suggest that VCCs are derived from an invagination of the plasma
membrane (12, 19) with which they share specific markers, like the cell surface
glycoprotein CD44 or phosphatidylinositol 4,5-biphosphate (20). The major histocom-
patibility complex class Il molecules (10) and tetraspanins (such as CD9, CD53, CD63,
CD81, and CD82) (11, 12), which are located at the plasma membrane as well as in
endosomal compartments, are also found in VCCs. However, VCCs seem distinct from
endosomes by harboring a neutral pH and being hardly reached by endocytic tracers
(12, 13, 16). Altogether, these advances led to a consensus in which HIV-1 assembly
takes place predominantly at specialized plasma membrane domains, sequestered
internally in macrophages, where newly formed particles are retained and subsequently
transferred to target cells via the virological synapse.

The limited accessibility of the VCC lumen to antibodies and small molecules
suggests that the sequestered viruses may be hidden from immune surveillance and
protected from drug treatments (12, 16, 21). However, infected host cells possess
intrinsic defense mechanisms aimed at blocking viral spread. Among them, the restric-
tion factor bone marrow stromal cell antigen 2 (BST2) (also known as tetherin, HM1.24,
or CD317) has been identified as a key protein that prevents the dissemination of
enveloped viruses by tethering viral particles at the cell surface (22-29) and then
reducing virus release. The ability of BST2 to tether virions at the surface of infected
cells is due to its unusual conformation, allowing it to be anchored simultaneously to
the plasma membrane and to the envelope of nascent viruses. BST2 is a type Il
membrane protein with a C-terminal glycophosphatidylinositol anchor. It resides in
lipid rafts at the plasma membrane, where the budding of several enveloped viruses
occurs (30-33). BST2 is constitutively expressed in a wide variety of human tissues and
cell types (34) and is induced by the interferon (IFN) response, notably in CD4™ T cells
and macrophages (35-38).

The HIV-1 accessory protein Vpu antagonizes the restriction activity of BST2 on HIV-1
release in different cell types (28, 29). Vpu activities against BST2 restriction are multiple
and involve (i) the downregulation of BST2 and (ii) its removal from the viral budding
sites. Vpu was shown to downregulate BST2 at the cell surface by accelerating restric-
tion factor sorting for lysosomal degradation (39-41). This activity depends on the
increased ubiquitination of BST2 through the recruitment of B-TrCP, a subunit of the
Skp1-Cullin-F box E3 ubiquitin ligase, via Vpu phosphorylated serine residues (S5, and
Sse) (42-44) and on increased endosomal sorting complexes required for transport
(ESCRT)-mediated targeting of ubiquitinated BST2 for lysosomal degradation (41). Vpu
also favors HIV-1 release by removing BST2 from viral budding sites; this Vpu function
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is independent of its degradative activity on BST2 (44-46). We recently described that
Vpu favors the displacement of BST2 from viral budding sites through the recruitment
of the microtubule-associated protein 1 light chain 3 (LC3)-associated phagocytosis
(LAP) machinery, involving the LC3C protein. Indeed, Vpu interacts via its LgsVEMgq
motif, present on the second alpha helix of its cytoplasmic tail, with LC3C to promote
the phagocytosis of BST2 (47). Interestingly, the Vpu E;oXXXLV,, dileucine-like motif,
which overlaps the Ls;VEMgg motif, was also shown to be important for efficient HIV-1
release. This dileucine-like motif is involved in the interaction of Vpu with clathrin
adaptor protein complex 1 (AP-1) and AP-2, two key regulators of the vesicular
trafficking system that are required for Vpu-induced removal of BST2 from viral
budding sites (48-50).

In macrophages, it has been shown that Vpu is required for efficient HIV-1 release.
However, its ability to downregulate BST2 levels and the role of BST2 in the formation
of VCCs are subjects of controversy (36, 38). In the present study, we deciphered the
interplay between Vpu and BST2 in the viral protein functions in HIV-1 release and viral
particle sequestration in VCCs in monocyte-derived macrophages. We report that Vpu
dramatically reduces the amount of BST2 detected in VCCs and decreases the volume
of these compartments in a BST2-dependent manner. Notably, we observed that
mutations of the Vpu transmembrane (TM) domain, necessary for the interaction with
BST2, leads to an increased volume of VCCs and an enrichment of BST2 in these
compartments. Interestingly, we also highlight that phosphoserines 52 and 56 and the
EsoXXXLV,, motif of Vpu are involved in the control of the volume of VCCs but are
dispensable for the prevention of the specific accumulation of BST2 in these structures.

RESULTS

Vpu promotes HIV-1 release in macrophages. To clarify the role of the interplay
between Vpu and BST2 in HIV-1 infection in macrophages, we confirmed in our
infectious model that Vpu promotes viral release, as previously reported (36, 38, 51). In
that respect, we used monocyte-derived macrophages (MDMs) obtained by culturing
healthy donors’ blood monocytes in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) for
6 days (52). After MDM differentiation, the cells were infected at a high multiplicity of
infection (MOI) of 2 with vesicular stomatitis virus G (VSV-G)-pseudotyped wild-type
(WT) NL4-3 HIV-1 or its counterpart that is unable to express Vpu (Udel) (53). The
percentage of infected cells varies from 5 to 60%, depending on the donor (data not
shown). Of note, VSV-G pseudotyping of the non-macrophage-tropic NL4-3 strain
enabled us to assess HIV-1 production in a single round of infection. At 5 days
postinfection, supernatants were recovered, and cells were lysed to monitor HIV-1
release by quantifying the viral capsid protein (CAp24) by an enzyme-linked immu-
nosorbent assay (ELISA). The ELISA used in this study detects only mature CAp24 (Fig.
1A and B). Indeed, ELISA quantification of CAp24 in infected saquinavir-treated cells
showed a very weak signal in cell lysates and released viral particles produced com-
pared to those in control cells, whereas only the Pr55gag precursor was detected by
Western blotting of the cell lysates. This is consistent with a block in Gag maturation
upon saquinavir treatment, indicating that the ELISA kit used specifically detects CAp24
but not the immature forms of Gag. CAp24 quantification showed an accumulation of
cell-associated CAp24 in MDMs infected with the Udel virus compared to WT-infected
cells (Fig. 1C and D, black bars); the level of accumulation strongly varied among the
donors. The increased amount of HIV-1 CAp24 present in producer cells infected with
Udel virus was confirmed by Western blotting (Fig. 1E). The Western blot analysis did
not show an increased amount of the precursor proteins Pr55Gag and p41 when MDMs
were infected with Udel virus compared to WT-infected cells, suggesting that the
increased amount of cell-associated CAp24 is not due to a higher infection level of the
mutant virus but is due to the accumulation of mature viral particles in Udel virus-
infected MDMs. These observations were consistent with the CAp24 quantification in
supernatants, since a 2- to 5-fold decrease of released CAp24 was observed in Udel
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FIG 1 Vpu enhances HIV-1 release in macrophages. HelLa cells infected with VSV-G-pseudotyped NL4-3 HIV-1 were treated with
saquinavir (0.01 uM) for 24 h or with DMSO (dimethyl sulfoxide). Cell were then harvested and lysed. (A) Western blot analysis of
profiles of Gag expression in cell lysates. (B) Graphical representation of ELISA quantification of CAp24 in cell lysates (cell-associated
CAp24) and released into the cell supernatants (released CAp24). (C to F) MDMs from different donors were infected with
VSV-G-pseudotyped WT NL4-3 (WT) or Vpu-deficient NL4-3 (Udel) HIV-1. (C and D) CAp24 present within the cells (cell-associated
CAp24) and CAp24 released into the supernatant (released CAp24) of infected cells were quantified by an ELISA at 5 days
postinfection. Data normalized to value for HIV-1 NL4-3 WT-infected cells in panel C and raw data are presented in panel D. Bars
represent the means + SEM from replicates done on the same donor. (E) Western blot analysis of HIV-1-infected MDMs from donor
4 performed using anti-CAp24, anti-BST2, anti-Vpu, and anti-tubulin antibodies. (F) HIV-1 release was determined as the ratio of
released CAp24 to total CAp24 production (cell-associated CAp24 plus released CAp24). The values were normalized to the value for
HIV-1 NL4-3 WT-infected cells. Statistical significance was determined using unpaired two-tailed Student’s t test (means *= SEM; n = 4
donors). **, P < 0.01.
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HIV-1-infected cells in comparison to the WT virus (Fig. 1C and D, gray bars). Calculation
of the HIV-1 release index, corresponding to the ratio of extracellular CAp24 to total
CAp24 produced in cell culture (cell-associated CAp24 plus released CAp24), showed
that Vpu expression promotes a 40 to 75% increase in the amount of the viral particles
released from MDMs (Fig. 1F).

Vpu promotes virus release by counteracting BST2 antiviral functions in infected
cells (36, 38-41, 44, 47, 48, 54). We thus monitored BST2 expression in WT or Udel
HIV-1-infected MDMs by Western blot analysis. The immunoblot analysis of BST2
revealed a decreased expression of this protein in WT HIV-1-infected cells compared to
Udel HIV-T-infected cells, with the level of BST2 in WT- and Udel-infected cells being
higher than that detected in noninfected (NI) cells (Fig. 1E). This is consistent with
previous reports showing that HIV-1 infection of macrophages induced interferon-
mediated BST2 expression (37, 38). However, the upregulation of BST2 observed in
infected primary macrophages was proposed by Chu et al. to be Nef dependent and
not the consequence of type | IFN induction (36). To address this question, we first
confirmed that BST2 expression was inducible by type | interferon. MDMs from two
donors were stimulated by increasing doses of IFN-a (20 to 500 U/ml) for 24 h.
Consistent with data from previous studies (37, 38), Western blotting against BST2
showed a clear increase of the BST2 expression level, even at the lowest concentration
of IFN used (20 U/ml) (Fig. 2A), supporting the notion that BST2 expression is induced
by type I IFN in primary macrophages. We next assessed whether HIV-1 infection
induces BST2 expression and whether this upregulation depends on Nef expression.
MDMs were infected with VSV-G-pseudotyped WT NL4-3 and Nef-deficient NL4-3
(ANef) HIV-1. The course of infection was monitored by ELISA quantification of the CAp24
released in the culture supernatant (Fig. 2B), and BST2 expression was assayed by reverse
transcription-quantitative PCR (RT-qPCR) and Western blotting (Fig. 2C and D) at different
time points. Our result showed that HIV-1 infection upregulates BST2 expression at the
mRNA level during the course of infection, independently of Nef expression. Furthermore,
the BST2 protein level was increased at early time points of infection and then downregu-
lated. The patterns of BST2 expression were similar in WT- and ANef-infected MDMs,
suggesting that BST2 upregulation is not dependent on HIV-1 Nef expression.

Together, these data show that BST2 expression is induced by type | IFN in primary
macrophages. HIV-1 infection also induces an upregulation of BST2, an effect that is
independent of HIV-1 Nef expression. Moreover, we confirm that Vpu expression during
HIV-1 infection of MDMs enhances viral particle release and leads to the downregula-
tion of BST2 expression.

Vpu counteracts BST2 to promote HIV-1 release in macrophages. To investigate
whether the Vpu-induced enhanced release of viral particles depends on Vpu'’s ability
to counteract the restriction activity of BST2, we carried out small interfering RNA
(siRNA)-mediated knockdown of BST2 in MDMs. For this purpose, cells were treated
with control siRNA (siCtrl) or siRNA targeting BST2 (siBST2) and infected 2 days later
with VSV-G-pseudotyped WT or Udel NL4-3 HIV-1 (MOI = 2). At 5 days postinfection,
supernatants and cell lysates were collected to confirm the knockdown of BST2 by
Western blotting (Fig. 3A) and monitor HIV-1 production by a CAp24 ELISA (Fig. 3B and
C). Whereas the amount of released CAp24 was decreased by ~70% in the absence of
Vpu expression (Fig. 3B, compare released CAp24 in siCtrl-treated MDMs infected with
HIV-1 Udel versus that in MDMs infected with the HIV-1 WT), BST2 silencing resulted in
a similar release of CAp24 in the absence and presence of Vpu (compare CAp24
released in siBST2-treated MDMs infected with HIV-1 Udel versus that in MDMs infected
with the HIV-1 WT). Calculation of the HIV-1 release index from 3 donors confirms that
BST2 depletion rescued Udel virus release to a level similar to that of WT virus-infected
MDM:s (Fig. 3D). Interestingly, no difference in WT HIV-1 particle release was observed
after siBST2 treatment, compared to siCtrl treatment, suggesting that Vpu is sufficient
to overcome the BST2-imposed restriction on HIV-1 release in macrophages. Overall, in
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FIG 2 Type | interferon upregulates BST2 expression in macrophages. (A) MDMs from two donors were stimulated
for 24 h with 0, 20, 50, 100, 200, or 500 U/ml IFN-a. The cells were then harvested, and the BST2 protein level was
determined by Western blot analysis. (B to D) MDMs were infected with VSV-G-pseudotyped WT NL4-3 (WT) or
Nef-deficient NL4-3 (ANef) HIV-1, and the cells were harvested at different days postinfection. (B) CAp24 released
into the supernatant of infected cells was quantified by an ELISA. (C and D) BST2 expression was assayed by
RT-gPCR (C) and Western blotting (D) during the course of infection. For RT-qPCR analysis, BST2 mRNA expression
was normalized with the GAPDH gene expression level, and data are presented as the fold increase relative to the
mRNA level at day 0, for each virus. Western blot analysis was performed on cell lysates using anti-BST2, anti-Nef,
and anti-actin antibodies. Actin is the loading control. Data shown in panels B to D are representative of results
from two experiments done on two different donors.

accordance with previous observations (36, 38), our results indicate that Vpu promotes
virus release from macrophages by counteracting the restriction factor BST2.

Vpu downregulates cellular and cell surface levels of BST2. Vpu enhances HIV-1
release by antagonizing BST2 restriction in macrophages (Fig. 3). It has been shown that
Vpu counteracts BST2 by downregulating cellular and cell surface expression levels of
BST2 and by excluding BST2 from viral budding sites (36, 38-41, 44, 47, 48, 54). A
previous study indicated that Vpu is able to counteract the restriction activity of BST2
without necessarily downregulating cell surface and intracellular levels of BST2 in a cell
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FIG 3 BST2 expression inhibits HIV-1 release in macrophages. MDMs from different donors transfected with control siRNA (siCtrl) or siRNA
targeting BST2 (siBST2) were infected with VSV-G-pseudotyped WT NL4-3 (WT) or Vpu-deficient NL4-3 (Udel) HIV-1. (A) At 5 days postinfection,
Western blot analysis of HIV-1-infected MDMs from donor 5 was performed using anti-BST2, anti-CAp24, anti-Vpu, and anti-actin antibodies. (B
and C) CAp24 present within the cells (cell-associated CAp24) and CAp24 released into the supernatant (released CAp24) of infected cells were
quantified by an ELISA. Data normalized to the value for WT NL4-3-infected siCtrl cells in panel B and raw data are presented in panel C. Bars
represent the means = SEM from replicates done on the same donor. (D) HIV-1 release was determined as the ratio of released CAp24 to total
CAp24 production (cell-associated CAp24 plus released CAp24). Data were normalized to the value for WT NL4-3-infected siCtrl cells. Statistical
significance was determined using one-way ANOVA combined with Holm-Sidak’s post hoc test (means * SEM; n = 3 donors). **, P =< 0.01; ***,
P =0.001; ns, not significant.

type-specific manner (37). In macrophages, the ability of Vpu to downregulate the cell
surface level of BST2 remains controversial: two studies report that Vpu is unable to
decrease the level of BST2 present at the surface of infected MDMs (36, 55), whereas
another shows a clear downregulation of the BST2 level at the surface of HIV-1-infected
MDMs expressing Vpu (38). Thus, we first quantitatively measured cellular and cell
surface levels of BST2 in MDM:s infected with VSV-G-pseudotyped WT NL4-3 virus or its
Vpu-deficient counterpart. The expression level of BST2 was analyzed 5 days later by
flow cytometry of CAp24-positive cells (Fig. 4). Quantification of cellular (Fig. 4A and B)
and cell surface (Fig. 4C and D) levels of BST2 was in line with the data obtained by
Western blot analysis (Fig. 1E and Fig. 3A): Vpu-induced downregulation of BST2 was
observed in HIV-1 WT-infected cells. Indeed, HIV-1 Udel-infected cells displayed a
statistically higher BST2 mean fluorescence intensity (MFI) (1.2- to 1.8-fold increase in
cells and 1.2- to 2.3-fold increase at the cell surface) than HIV-1 WT-infected cells at the
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FIG 4 Cellular and cell surface expressions of BST2 in infected macrophages. MDMs from different donors were infected with VSV-G-
pseudotyped WT NL4-3 (WT) or Vpu-deficient NL4-3 (Udel) HIV-1. Five days later, the intracellular (A and B) and cell surface (C and D) levels
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normalized to that for noninfected cells. For panels B and D, each symbol represents the normalized BST2 MFI values of MDMs for each
donor. Statistical significance was determined using unpaired two-tailed Student’s t test (means = SEM; n = 3 donors). *, P = 0.05.

cellular level and at the cell surface level (Fig. 4). Of note, both the upregulation of BST2
in response to Udel HIV-1 infection and the capacity of Vpu to downregulate this
restriction factor differed widely between donors. Furthermore, in agreement with the
Western blot results (Fig. 1E and Fig. 3A), flow cytometry analysis indicated that Vpu
expression does not completely downregulate BST2 expression (Fig. 4A and C). Indeed,
we noticed a higher level of BST2 in MDMs infected with the WT virus than in
noninfected cells. Overall, these results suggest that, under our experimental condi-
tions, Vpu can downregulate intracellular and cell surface levels of BST2 in HIV-1-
infected MDMs, with an intensity that differs between donors.

The integrity of the Vpu transmembrane domain and of two motifs of the Vpu
cytoplasmic domain is necessary for Vpu to promote HIV-1 release in macro-
phages. Previous studies in Hela, HEK293T, and T cells have reported that Vpu
counteraction of BST2 restriction requires the integrity of the Vpu transmembrane
domain and of two motifs of the Vpu cytoplasmic domain: phosphoserine residues 52
and 56 and the dileucine-like motif EsoXXXLV,. While it has been shown that phos-
phoserine residues 52 and 56 are essential for B-TrCP recruitment and lysosomal
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targeting of BST2, the E;XXXLV,, motif is involved in the trafficking of BST2 via its
interaction with the clathrin adaptors AP-1 and AP-2 and the removal of the restriction
factor from viral budding sites (44, 48, 49). We therefore analyzed the impact of
mutations of these motifs on the beneficial effect of Vpu on HIV-1 release in macro-
phages (Fig. 5). We also examined the release of an HIV-1 Vpu mutant (A14W22) that
is unable to physically interact through its transmembrane domain with BST2 (42).
MDMs were infected at an MOI of 2 with VSV-G-pseudotyped HIV-1 NL4-3 viruses
mutated in either Vpu phosphoserine residues 52 and 56 (S5,-Ss¢/N-N) (2.6 virus), the
Vpu dileucine-like motif E;oQXXXLVg, (ELV/AAA) (ELV virus), or Vpu residues A, , and W,
(A,4-W,5/L-A) (A14W22 virus). The percentage of infected cells varies from 5 to 60%,
depending on the donor (data not shown). ELISA quantification of HIV-1 CAp24 and
calculation of the HIV-1 release index revealed a significant decrease of viral particle
release from ELV and 2.6 virus-infected MDMs compared to WT virus-infected cells
(Fig. 5A to Q). This decrease was slightly less pronounced than that observed with Udel
and A14W22 viruses. Moreover, this decrease was associated with an accumulation of
cell-associated CAp24 (Fig. 5A, black bars), which we also observed in our Western blot
analysis (Fig. 5D, lanes 3 to 6). We also noted that Vpu expression levels were similar in
WT, ELV, and 2.6 HIV-1-infected MDMs and that mutation of the A,, and W,, residues
in Vpu led to a protein with a higher apparent molecular weight and reduced
expression (Fig. 5D), as previously shown (42, 47). In addition, we observed that
mutated Vpu proteins are less efficient in downregulating BST2 than WT Vpu (Fig. 5D).
Thus, the integrity of the Vpu TM domain is crucial for efficient HIV-1 production in
MDMs. The Vpu dileucine-like motif E;oXXXLV,, and the S;, and Ss¢ residues are, in
turn, equally necessary for Vpu to promote HIV-1 release.

Vpu impairs BST2 enrichment in VCCs independently of its S5, and Sg¢
residues and the E;oXXXLV,, motif. We observed that Vpu-mutated viruses are
less efficient in downregulating BST2 in MDMs (Fig. 5D). We thus examined whether
mutations of the Vpu dileucine-like motif E;oXXXLVg, or the Vpu Ss, and Ssg
residues modify the subcellular distribution of BST2 and viral proteins in infected
MDMs, particularly in VCCs. It was previously reported that BST2 is present in VCCs
in the absence of Vpu expression in HIV-1-infected MDMs (38). Interestingly, BST2
was proposed to contribute to the formation of VCCs (36), although this hypothesis
has been controversial (38). To analyze the distribution of BST2 in VCCs, MDMs were
plated on coverslips and infected with HIV-1 NL4-3 WT, Udel, 2.6, or ELV. At 5 days
postinfection, cells were costained for CAp24, BST2, and CD81 (a marker of VCCs)
and analyzed by confocal microscopy (Fig. 6A). In noninfected cells, BST2 labeling
was detected as puncta dispersed throughout the cell, in a perinuclear compart-
ment and at the cell surface; some BST2-positive puncta colocalized with CD81
(Fig. 6A), a plasma membrane and endosomal marker. In the absence of Vpu, a
subset of BST2 molecules clearly colocalized with CAp24-positive compartments, as
confirmed by the calculation of Mander's coefficient (0.20 = 0.05 in WT HIV-1-
infected cells versus 0.79 = 0.03 in Udel HIV-1-infected cells) (Fig. 6B), revealing the
degree of colocalization between CAp24 and BST2. Conversely, the expression of
Vpu during HIV-1 infection dramatically reduced the presence of BST2 in VCCs since
we failed to observe significant colocalization between BST2 and CAp24 (Fig. 6A
and B). Moreover, we did not detect any noticeable colocalization between BST2
and CAp24 in ELV or 2.6 virus-infected cells (Fig. 6A and B), although we detected
an increased level of BST2 in MDMs infected with these mutated viruses by Western
blotting (Fig. 5D).

To exclude that the lack of BST2 enrichment in the VCCs of MDM:s infected with the
ELV or 2.6 virus is due to a reduced expression of BST2 in these cells, we quantified, on
our confocal images, the MFI of cytosolic BST2 staining and BST2 associated with the
VCCs by creating specific masks for the VCCs and the cytoplasm. These data showed
similar expression levels of BST2 in the cytoplasm of ELV and 2.6 HIV-infected MDMs,
compared to that detected in Udel HIV-infected MDMs (Fig. 6C). We also found that
BST2 strongly accumulated on the VCCs in Udel-infected MDMs, compared to the WT
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FIG 5 Impact of mutations at Vpu Egg/Lgs/Ve,, Sso/Sse and A,,/W,, residues on HIV-1 release in macrophages. MDMs were infected
with VSV-G-pseudotyped WT, Udel, ELV, 2.6, or A14W22 NL4-3 HIV-1. (A and B) Five days later, CAp24 present within the cells
(cell-associated CAp24) and CAp24 released into the supernatant (released CAp24) of infected cells were quantified by an ELISA.
Data were normalized to the values for WT NL4-3-infected cells in panel A, and raw data are presented in panel B. (C) HIV-1 release
was determined as the ratio of released CAp24 to total CAp24 production (cell-associated CAp24 plus released CAp24). Data were
normalized to value for NL4-3 WT-infected cells. Statistical analysis was done using one-way ANOVA combined with Holm-Sidak’s
post hoc test (means = SEM; n = 3 donors). The P values are indicated above each comparison. *, P = 0.05; **, P = 0.01; ***, P =
0.001. (D) Western blot analysis of HIV-1-infected MDMs from three donors was performed on cell lysates using anti-CAp24,
anti-BST2, anti-Vpu, and anti-actin antibodies. Quantification of BST2 and actin bands was done using ImageJ, and ratios between
BST2 and actin are shown above Western blot lines.
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FIG 6 Impact of mutations at Vpu E;/Ls,/Ve, and Sg,/Ss residues on the subcellular distribution of BST2. MDMs were infected with
VSV-G-pseudotyped (WT, Udel, ELV, or 2.6) NL4-3 HIV-1. (A) At 5 days postinfection, cells were fixed; immunolabeled for BST2 (green),
CAp24 (red), and CD81 or control isotype antibodies; and analyzed by confocal microscopy (bars, 20 um). CD81 labeling is shown in
gray in the monochrome panels to facilitate the visibility and in blue in the merge panels. Higher magnifications of virus-containing
compartments (VCCs) are shown on the bottom left corner of each image. (B) BST2/CAp24 colocalization was evaluated by calculating
Mander’s coefficient on at least 15 cells under each condition using the JACoP plug-in with ImageJ. Statistical analysis was done using
one-way ANOVA combined with Bonferroni’s post hoc test (means = SEM). ***, P < 0.001. (C and D) The BST2 mean fluorescence
intensity (MFI) in VCCs (C) and in the cytoplasm (D) was measured using ImageJ on the confocal optical section that presented the

largest and highest number of VCCs under each infection condition. Statistical significance was determined using one-way ANOVA
combined with Bonferroni’s post hoc test (means + SEM; n = 3 donors). *, P = 0.05; **, P = 0.01; ***, P = 0.001.

HIV-infected ones (Fig. 6D). A slight increase of the BST2 MFI associated with VCCs was
also observed on ELV- and 2.6-infected MDMs, to a much lesser extent than that
detected on VCCs found in Udel-infected MDMs and consistent with a lack of enrich-
ment of BST2 in the VCCs observed in cells infected by these mutants (Fig. 6D).
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FIG 7 Impact of mutations at Vpu A,,/W,, residues on the subcellular distribution of BST2. MDMs were infected with
VSV-G-pseudotyped (WT, Udel, or A14W22) NL4-3 HIV-1. (A) At 5 days postinfection, cells were fixed; immunolabeled for
BST2 (green), CAp24 (red), and CD81; and analyzed by confocal microscopy (bars, 20 um). CD81 labeling is shown in gray
in the monochrome panels to facilitate visibility and in blue in the merge panels. (B) BST2/CAp24 colocalization was
evaluated by calculating Mander’s coefficient on 29 cells under each condition using the JACoP plug-in with ImagelJ.
Statistical analysis was done using one-way ANOVA combined with Bonferroni’s post hoc test (means = SEM; n = 1 donor).
*** P = 0.001; ns, not significant.

Altogether, the S, and S residues and the E;oXXXLV,, motif do not seem to be the
main determinants of Vpu by which the viral protein impairs BST2 enrichment in VCCs.

The integrity of the Vpu transmembrane domain is required to impair BST2
enrichment in VCCs. We next examined the localization of BST2, CAp24, and CD81 in
MDMs infected with the Vpu TM HIV-1 mutant by confocal microscopy, as described
above. Mutation of the A14 and W22 residues of the Vpu TM domain (A14W22) led to
a striking enrichment of BST2 molecules in VCCs labeled for CAp24 and CD81 (Fig. 7A),
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as observed for MDMs infected with a virus deficient in Vpu expression (Udel). This
redistribution of BST2 in the CAp24-positive compartments was confirmed by the
increase of the CAp24/BST2 colocalization coefficient (Mander's coefficient) found in
A14W22 HIV-1-infected cells (0.67 = 0.03), compared to that for WT HIV-1-infected cells
(0.21 £ 0.01) (Fig. 7B). This increase is similar to those observed for Udel HIV-1-infected
MDMs and indicates that the integrity of the Vpu transmembrane domain is required
to impair BST2 enrichment in VCCs.

Mutations of Vpu cytoplasmic residues S, and S or the E;oXXXLV,, motif
increase the volume of VCCs. Previous work showed a correlation between the
presence of BST2 in VCCs and an increased size of these compartments sequestering
viruses (36). We thus determined the sum of the VCC volume per cell using three-
dimensional (3D) reconstruction. WT and mutated HIV-1-infected MDMs were fixed and
labeled for CAp24, CD81, and BST2. Series of confocal images were then 3D recon-
structed using Imaris software (Fig. 8A). The volumetric analyses of VCCs revealed a
clear increase of the sum of the VCC volume per infected cell in Vpu A14W22 mutant
HIV-1-infected MDMs (81 = 11.3 uwm3), similar to what we observed in Vpu-deficient
HIV-1-infected macrophages (97.4 = 14.4 um?3), in comparison to WT HIV-1-infected
cells (18.3 = 3.1 um?3) (Fig. 8B). Interestingly, in a second set of experiments, we also
observed a significant increase of the overall volume of these compartments in Vpu-
mutated ELV (142.7 = 18.7 um?3) or 2.6 (102 = 16.9 um?3) HIV-1-infected MDMs in compar-
ison to WT HIV-1-infected cells (26.9 = 4.5 um3), without reaching the size of those
compartments that are present in Udel HIV-T-infected macrophages (224.8 = 21.5 um3)
(Fig. 8C). Together, our data revealed that mutations of the Vpu Ss, and S residues or the
Vpu E5oXXXLV,, motif increase the VCC volume per cell without a visible enrichment of
BST2 in these compartments.

BST2 is dispensable for the formation of VCCs. Finally, we examined the corre-
lation between the volume of VCCs in HIV-1-infected macrophages and BST2 expres-
sion. To address this issue, MDMs were treated with siBST2 or siCtrl and infected with
WT or Udel VSV-G-pseudotyped NL4-3 HIV-1. At 5 days postinfection, the cells were
colabeled with anti-CAp24 and anti-BST2 antibodies and observed by confocal micros-
copy. SiCtrl-treated MDMs infected with WT and Udel HIV-1 displayed VCCs accompa-
nied by a strong reduction of BST2 accumulation in these structures when Vpu was
expressed (Fig. 9A). Interestingly, BST2 depletion did not prevent the formation of VCCs
in HIV-1-infected MDMs, suggesting that BST2 is dispensable for the formation of VCCs
(Fig. 9A, siBST2 treatment of WT-infected MDMs). We next assessed the sum of the
volume of VCCs per infected cell using 3D reconstruction of siRNA-treated HIV-1-
infected MDMs. As described above (Fig. 8), Vpu expression significantly reduced the
total volume of VCCs by 2-fold (83.4 = 1.2 um3 in WT HIV-1-infected siCtrl-treated cells
compared to 210.4 = 34.2 um3 in Udel HIV-1-infected siCtrl-treated cells) (Fig. 9B). On
the contrary, in siBST2-treated MDMs, the total volume of VCCs was not significantly
different in WT (86.8 = 11.0 um3) and Udel (119.6 = 10.6 um3) HIV-1-infected cells and
close to that of WT HIV-1-infected siCtrl-treated MDMs, suggesting that WT HIV-1 Vpu
might restrict the volume of VCCs by preventing BST2 accumulation in these structures
and/or by counteracting BST2 functions.

Taken together, our results indicate that the formation of VCCs is BST2 independent.
However, in the absence of Vpu, these structures are enriched in BST2 and display an
increased volume. This volume relies on the lack of Vpu counteraction against BST2
activities. Finally, the increase of the VCC volume is not necessarily related to a strong
enrichment of BST2 in these structures. This is consistent with the notion that BST2
does not contribute to the formation of VCCs but impacts their volume, depending on
its capacity to tether viruses.

DISCUSSION

In HIV-T-infected macrophages, newly synthesized virions are sequestered into
subcellular virus-containing compartments (VCCs) (56-58). During cell-to-cell contacts,
VCCs reach the cell surface and transfer viral particles to HIV-1 target cells, allowing
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FIG 8 Impact of mutations at Vpu Egy/Lgs/V,, and Ss,/Sse residues on the sum of the VCC volume. MDMs were infected
with VSV-G-pseudotyped WT, Udel, ELV, or 2.6 NL4-3 HIV-1. (A) At 5 days postinfection, cells were fixed and immunolabeled for
BST2, CD81, and CAp24. The volumetric analysis of VCCs was performed using Imaris 7.2 software (Bitplane) by 3D reconstruction
of MDMs. An example of 3D reconstruction of MDMs is shown. The merge presented on the right is the overlap of the three
two-dimensional (2D) images corresponding to the 3D panels shown. Arrows show structures considered VCCs. (B and C)
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FIG 9 Vpu reduces the sum of the VCC volume in a BST2-dependent manner. MDMs transfected with
control siRNA (siCtrl) or siRNA targeting BST2 (siBST2) were infected with VSV-G-pseudotyped WT NL4-3
(WT) or Vpu-deficient NL4-3 (Udel) HIV-1. (A) At 5days postinfection, cells were fixed, immunolabeled for
BST2 (green) and CAp24 (red), and analyzed by confocal microscopy. Bars, 20 um. Higher magnifications
(inset) of VCCs are shown on the right of each merge image. (B) Volumetric analysis of VCCs was
performed using Imaris 7.2 software (Bitplane) by 3D reconstruction of MDMs. The histogram shows the
sum of the VCC volume per cell obtained by thresholding fluorescence intensity values on at least 26 cells
under each condition. Statistical analysis was done using one-way ANOVA combined with Bonferroni’s
post hoc test (means *= SEM; n = 3 donors). **, P = 0.01; ***, P = 0.001; ns, not significant.

HIV-1 to escape the host immune surveillance system (59). The efficient spread of viral
particles also depends on the ability of HIV-1 to circumvent intrinsic immunity, partic-
ularly the restriction factor BST2, which tethers fully formed viruses to the plasma
membrane. Therefore, HIV-1 has evolved to encode the accessory protein Vpu to

FIG 8 Legend (Continued)

Histograms showing the sum of the VCC volume per cell obtained by thresholding fluorescence intensity values on 62 cells
under each condition from three independent donors. Statistical analysis was done using one-way ANOVA combined with

Bonferroni’s post hoc test (means = SEM; n = 3 donors). ***, P < 0.001; *, P = 0.05. Bars, 20 um.
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counteract BST2. Molecular mechanisms driving Vpu activities against BST2 restriction
of HIV-1 release were mostly described for CD4™ T lymphocytes and cell lines. In
macrophages, there have been conflicting reports regarding the effects of Vpu on
BST2 as well as a potential contribution of BST2 to the formation of VCCs (36, 38).
How VCCs are formed and persist in macrophages is a major concern to develop
treatments that block HIV-1 dissemination in patients, preventing disease progres-
sion toward AIDS. In this study, we investigated the role played by Vpu in HIV-1
production and in the formation of VCCs in macrophages. Through the generation
of Vpu-mutated HIV-1, we show that Vpu controls the volume of VCCs and favors
viral particle release in macrophages. We notably highlight that the transmembrane
domain of Vpu, as well as the E;gXXXLV, motif and phosphoserine residues S, and
Sse in the cytoplasmic tail, is necessary for these functions.

Using an HIV-1 mutant that is unable to express Vpu (Udel virus), we confirmed
previous reports (36-38, 51, 60) revealing that Vpu is required for the efficient release
of viral particles in primary human monocyte-derived macrophages (MDMs) (Fig. 1).
Silencing of BST2 expression in Udel HIV-1-infected MDMs restored HIV-1 release to a
level similar to that of WT HIV-1, indicating that Vpu favors HIV-1 release by counter-
acting BST2 restriction activity in macrophages (Fig. 3). In addition, our data indicated
that HIV-1 infection of MDMs, in the presence or absence of Vpu, induces an increased
level of BST2 (Fig. 4). Interestingly, this upregulation of the BST2 protein level is
observed at early time points of infection and is independent of HIV-1 Nef expression
(Fig. 2). Our results did not sustain those presented by Chu and colleagues (36) and
support a scheme in which the upregulation of BST2 expression is a consequence of the
induction of type | IFN by infection rather than the expression of Nef protein (Fig. 2D).
In accordance with the results of Giese and Marsh, we also show that Vpu is able to
downregulate BST2 (38) (Fig. 4). In these experiments, we noticed a significant variation
of the HIV-1 Vpu response against BST2 restriction among the six donors analyzed. This
singularity could explain the controversy observed in the literature regarding the
impact of Vpu on the cell surface expression of BST2 in MDMs (36, 38, 55). We also
noted in our flow cytometry analysis that Vpu is unable to downregulate BST2 at the
same level as that detected in noninfected macrophages in the majority of donors (Fig.
4). Nevertheless, we did not observe any increase of viral release in WT-infected cells
depleted for BST2 (Fig. 3), suggesting that Vpu is able to efficiently counteract BST2
restriction activity in macrophages without inducing a complete degradation of HIV-
1-induced BST2 expression. These results agreed with those reported by Giese and
Marsh (38) and are in line with previous reports indicating that Vpu-induced degrada-
tion of BST2 is not necessarily coupled with the ability of Vpu to promote HIV-1 release
(37, 44, 61).

Our analysis by confocal microscopy also revealed that the absence of Vpu leads to
a strong enrichment of BST2 in VCCs (Fig. 6) and increases the total volume of these
intracellular compartments (Fig. 8). Previous studies have proposed that the volume of
VCCs may correlate with the amount of accumulated viral particles (19) and that BST2
may indirectly favor the enlargement of these compartments by tethering viruses to
the limiting membrane (38). Our data obtained by 3D reconstruction of VCCs support
these notions. Indeed, we observed that Vpu expression induces a pronounced reduc-
tion of the total volume of these structures in HIV-1-infected macrophages (Fig. 8).
Moreover, the analysis of the volume and characteristics of VCCs in MDMs infected with
HIV-1 mutated in Vpu transmembrane residues A,, and W,,, which makes Vpu unable
to interact with BST2 and to mediate its cell surface downregulation, demonstrated that
the integrity of the Vpu TM domain is essential for removing BST2 from VCCs (Fig. 7)
and for limiting the size of these compartments (Fig. 8). Furthermore, we show that this
domain is crucial for antagonizing BST2 antiviral activities and favoring HIV-1 release
from MDMs (Fig. 5). Our analyses also indicated that BST2 is not required for the
formation of VCCs. Indeed, VCCs are still observed in the absence of BST2, and their
volumes are similar in HIV-1 WT-infected MDMs in absence and presence of BST2
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expression (Fig. 9B). These data corroborate the findings of Giese and Marsh but
contradict the results reported by Chu et al. (36, 38).

Mutation of the Vpu dileucine-like motif E;oXXXLV,, (ELV virus) or phosphoserines
52 and 56 (2.6 virus), which are involved in the degradation or trafficking of BST2, leads
to a decreased release of viral particles with respect to WT virus (Fig. 5C), as described
previously for infection of CD4™ T cells and model cell lines (29, 39, 40, 44, 48-50, 62).
These mutations alter Vpu-mediated degradation of BST2, leading to accumulation of
BST2 in infected MDMs (Fig. 5D). Moreover, mutations of these motifs also decrease
Vpu'’s ability to reduce the size of VCCs in infected MDMs. Infections of these cells with
ELV or 2.6 virus lead to the formation of intermediate-sized VCCs (Fig. 6A), compared
to the small and large compartments formed by WT and Udel viruses, respectively
(Fig. 8B and Q). All types of VCCs contained CD81 (Fig. 6A) as well as CD9, Siglec-1, and
CD63 (data not shown). Surprisingly, microscopy analyses revealed that the increased
volume of the VCCs is not necessarily associated with a distinctive accumulation of
BST2 in these compartments (Fig. 6 and 8). Consequently, these experiments point to
a more complex contribution of Vpu functions to VCC formation and composition.

Therefore, we postulate that Vpu limits the size of VCCs by reducing the number of
viruses tethered at the cell surface and, subsequently, sequestered into these structures
once the plasma membrane invaginates. This phenomenon would be the result of the
downregulation of BST2 molecules present at viral budding sites, through the interac-
tion between the TM domains of Vpu and BST2, leading to the exclusion of BST2 from
the budding sites. Furthermore, Vpu-induced disturbance of BST2 trafficking (in favor of
its degradation) via its E5oXXXLV4, and phosphoserine Ss,/Sss motifs might also
contribute to some extent to the regulation of the restriction factor’s expression at the
viral budding site. Indeed, Vpu-induced degradation of BST2 is not strictly required for
its induced direct exclusion of BST2 from viral budding sites (44-46). Nevertheless, the
global increase of BST2 expression in cells expressing the ELV or 2.6 Vpu mutant might
indirectly cause its increase at viral budding sites (Fig. 6C and D); this might ultimately
lead to restriction of HIV-1 release by entrapping newly formed viruses at the cell
surface, leading to their sequestration in invaginated membranes and their retention in
VCCs (Fig. 8C). However, this would not significantly enhance the presence of BST2 in
VCCs, thus limiting the detection of BST2 molecules in our immunofluorescence assay.

Moreover, the intermediate volume of VCCs observed in HIV-1 ELV- and 2.6-infected
MDMs (compared to those detected in the presence of WT and Udel viruses, respec-
tively) might suggest that BST2 is not the only factor involved in virus sequestration in
VCCs. As BST2 is excluded from VCCs when cells are infected with these mutants,
additional factors may contribute to virus entrapment. Moreover, BST2 depletion in the
absence of Vpu results in a decrease of the total volume of VCCs, similar to what is
observed in siCtrl-treated macrophages infected with WT HIV-1 (Fig. 9B), suggesting
that Vpu partly regulates the size of these compartments by antagonizing BST2
function. Thus, we could not exclude the hypothesis that Vpu interferes with another
cellular partner to regulate the VCCs' size. Interestingly, several additional factors, such
as Siglec-1 and mannose receptor 1, have been described to tether virus and favor their
sequestration in MDMs (17, 63). Moreover, several studies report that Vpu downregu-
lates the tetraspanins CD63, CD81, and CD82 that are found enriched in VCCs (64-66).
Such factors could participate in virus sequestration in VCCs, and Vpu could alter the
cell surface expression of these factors and, in this way, modify virus sequestration in
VCCs. Thus, future work will be required to explore the role of additional cellular factors
in virus sequestration in MDMs.

Our study provides new insights into the mechanism regulating HIV-1 compartmen-
talization in infected macrophages. The control of the VCC volume during the course
of the infection is a process achieved by Vpu and requires the integrity of the Vpu TM
domain, the Vpu E o XXXLV,, motif, and Vpu phosphoserines S, and S. This process
is based on the ability of Vpu to reduce the level of the restriction factor BST2 at viral
budding sites. By this activity, Vpu reduces the accumulation of tethered virions in
VCCs, preventing the expansion of these compartments. Moreover, our study highlights
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that Vpu, through additional activities, limits the enrichment of BST2 in VCCs in
HIV-1-infected macrophages.

MATERIALS AND METHODS

Purification, culture, and characterization of macrophages. Monocytes were obtained from
HIV-seronegative human buffy coats. Peripheral blood mononuclear cells (PBMCs) were purified by
density centrifugation using Ficoll-Paque Plus (density, 1.077 g/ml; GE Healthcare) at 400 X g for 30 min
at 20°C. Monocytes were negatively selected from PBMCs using magnetic-activated cell sorting (MACS)
monocyte isolation kit Il (Miltenyi Biotec) according to the manufacturer’s recommendations. Monocytes
were then plated in RPMI 1640 medium (Gibco, Life Technologies) supplemented with 10% decomple-
mented fetal calf serum (FCS), 1% antibiotic-antimycotic cocktail, 1% HEPES, 1% sodium pyruvate, 1%
minimal essential medium (MEM) nonessential amino acid solution (Gibco, Life Technologies), 20 ng/ml
recombinant human M-CSF (Eurobio, Paris, France), and 2 ng/ml recombinant human GM-CSF (Eurobio)
to induce differentiation into monocyte-derived macrophages (MDMs), as previously described (52).
Seven days later, the purity of the MDM preparation was assessed by flow cytometry analysis of the
following cell surface markers: CD3, CD11b, CD11¢, CD14, CD163, CD206, and HLA-DR. MDMs were
detached by gentle scraping in cold phosphate-buffered saline (PBS) and incubated for 30 min in
FcR-blocking reagent (Miltenyi Biotec) in PBS at 4°C. Cells were stained for 1 h at 4°C with the appropriate
fluorophore-conjugated antibodies, fixed in 4% paraformaldehyde (PFA) in PBS, and analyzed on a BD
Accuri C6 cytometer (BD Biosciences).

Cell lines. HEK293T and Hela cells were propagated and subcultured in Dulbecco’s modified Eagle’s
medium (DMEM) with GlutaMAX (Life Technologies) supplemented with 10% decomplemented FCS and
1% antibiotic-antimycotic cocktail and were maintained at 37°C in a 5% CO, incubator.

Viral stocks. The following CXCR4-tropic NL4-3 HIV-1 proviral clones were used: WT NL4-3 (NIH AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID), NL4-3 Udel (from K. Strebel [53]),
NL4-3 ELV (a virus with the E,,, Ly, and Vg, residues of the Vpu protein mutated to alanine), NL4-3 2.6
(a virus with the S, and S, residues of the Vpu protein mutated to asparagine [from F. Margottin-
Goguet]), and NL4-3 A14W22 (a virus with the A,, and W,, residues of Vpu mutated to leucine and
alanine, respectively) (47). To generate mutations in an NL4-3 HIV-1 proviral clone, the original BamHI-
EcoRI fragment containing the Vpu open reading frame (ORF) of WT NL4-3 HIV-1 proviral DNA was cloned
into the pEGFP-N1 vector, and site-directed mutagenesis was performed using the QuikChange Il XL kit
(Stratagene, France). Mutagenesis and subclonings were verified by DNA sequencing. Vpu ELV NL4-3
HIV-1 proviral DNA was obtained by replacing the original BamHI-EcoRI fragment containing the Vpu ORF
of WT NL4-3 HIV-1 proviral DNA with the corresponding Vpu-mutated fragment of NL4-3 HIV-1.

Viral stocks of VSV-G-pseudotyped (WT or Vpu-mutated) NL4-3 HIV-1 were obtained by transfection
of HEK293T cells (2 X 106 cells) with 4.5 ug of HIV-1 proviral DNA along with 1.5 ug of a VSV-G expression
vector (pMD.G), using X-tremeGENE HP DNA transfection reagent (Roche), according to the manufac-
turer’s instructions. Supernatants of the transfected cells were collected 48 h later, filtered, ultracentri-
fuged, and quantified for the HIV-1 CAp24 antigen by an ELISA (Perkin-Elmer). Viral titers were deter-
mined by infection of Hela cells with serial dilutions of the stocks, followed 24 h later by flow cytometry
analyses of CAp24 antigen expression on fixed and permeabilized cells labeled with KC57-fluorescein
isothiocyanate (FITC) (anti-CAp24 antibody; Beckman Coulter).

Western blot analysis. Cells were washed twice and lysed for 20 min at 4°C with radioimmunopre-
cipitation assay (RIPA) buffer (150 mM NaCl, 10 mM Tris [pH 8], 1 mM EDTA, 0.1% [vol/vol] sodium
deoxycholate, 1% Triton X-100) containing cOmplete protease inhibitor cocktail (Roche). Lysates were
spun at 12,000 X g at 4°C for 10 min, and the supernatant was recovered. The protein concentration was
determined using a Bradford protein assay (Bio-Rad), and equal amounts of protein for each sample were
mixed with 2X Laemmli buffer (Sigma-Aldrich), boiled for 5 min at 95°C, and subjected to SDS-PAGE.
After protein separation, samples were transferred onto hydrophobic polyvinylidene difluoride (PVDF)
membranes, followed by blocking in milk buffer (Tris-buffered saline [TBS] [0.5 M Tris {pH 8.4}, 9% {wt/vol}
NaCl], 5% [wt/vol] nonfat dry milk, 0.05% [vol/vol] Tween 20) for 30 min at room temperature (RT).
Membranes were incubated overnight at 4°C with primary antibodies in milk buffer. Blots were washed
with TBS containing 0.05% (vol/vol) Tween 20 and probed with secondary antibodies in milk buffer for
1 h at RT. After washing, protein bands were detected by using Amersham ECL Prime Western blotting
detection reagent (GE Healthcare).

siRNA treatment. siRNA oligonucleotide duplexes targeting BST2 (SMARTpool ON-TARGETplus BST2
siRNA, catalog number L-011817-00) and negative-control siRNA (ON-TARGETplus nontargeting siRNA,
catalog number D-001810-01) were purchased from Dharmacon. MDMs (1 X 10° cells) were transfected
twice, on the day when the cells were plated, using the forward transfection protocol, and 24 h later,
using the reverse transfection protocol, with 30 nM siRNA using Lipofectamine RNAIMAX (Life Technol-
ogies) according to previously described protocols (52). Forty-eight hours later, the cells were washed
and infected.

HIV-1 production. MDMs (1 X 10¢ cells/well) were plated in 6-well plates and infected 2 days later
for 3 h with VSV-G-pseudotyped (WT or mutated) NL4-3 HIV-1 at an MOI of 2. siRNA-treated MDMs were
infected similarly with VSV-G-pseudotyped (WT or mutated) NL4-3 HIV-1 24 h after the forward trans-
fection. Four days later, the cells were washed twice with prewarmed medium (37°C) and incubated for
a further 24 h. Cell culture supernatants were then collected and filtered on 0.45-um membranes. A part
of the supernatant was recovered for HIV-1 CAp24 quantification by an ELISA (released CAp24). The
remaining supernatant was purified by ultracentrifugation on a 20% sucrose cushion for 90 min at
150,000 X g, resuspended in Laemmli buffer, and analyzed by Western blotting. MDMs were pelleted and
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lysed with RIPA buffer as indicated above. Cell lysates were analyzed by Western blotting and quantified
using a CAp24 ELISA (cell-associated CAp24). The HIV-1 release index was assessed as the ratio of
released CAp24 to total CAp24 production in the cell culture (released CAp24 plus cell-associated
CAp24).

Flow cytometry analysis. At 5 days postinfection, MDMs were washed twice with ice-cold PBS,
harvested by scraping, and pelleted by centrifugation. For cell surface staining of BST2, the cells were
blocked for 45 min at 4°C in ice-cold PBS with 1% bovine serum albumin (BSA) supplemented with
FcR-blocking reagent according to the manufacturer’s instructions. The cells were then washed twice in
ice-cold PBS-1% BSA and stained for 1h at 4°C with an Alexa 647-conjugated anti-BST2 or an Alexa
647-conjugated control antibody (BioLegend) in PBS-1% BSA. MDMs were washed twice with ice-cold
PBS-1% BSA, fixed with 4% PFA in PBS for 20 min, and permeabilized for 30 min at room temper-
ature with PBS-0.5% BSA-0.1% saponin. The cells were then incubated with FITC-conjugated
anti-CAp24 (KC57-FITC) for 1 h at room temperature, washed three times, and fixed in PBS-1% PFA.
Finally, cells were analyzed on a BD Accuri C6 Plus flow cytometer (BD Biosciences). For intracellular
staining of BST2, MDMs were fixed for 20 min in PBS-4% PFA and permeabilized for 30 min at room
temperature with PBS-0.5% BSA-0.1% saponin supplemented with FcR-blocking reagent. The cells
were then stained for 1h with FITC-conjugated anti-CAp24 and an allophycocyanin (APQ)-
conjugated anti-BST2 or a control-APC antibody (Miltenyi Biotec). MDMs were washed three times,
fixed, and analyzed as described above.

Immunofluorescence. MDMs (1 X 10¢ cells/well) were plated on glass coverslips in a 6-well plate
and infected 2 days later for 3 h with VSV-G-pseudotyped (WT or mutated) NL4-3 HIV-1 at an MOI of 1.
siRNA-treated MDMs were infected similarly with VSV-G-pseudotyped NL4-3 (WT or Udel) virus 24 h after
the forward transfection. Five days later, cells were washed twice with prewarmed (37°C) medium and
fixed for 30 min by adding an equal volume of 8% PFA to prewarmed medium. After two washes with
PBS, cells were permeabilized for 15 min in PBS-0.1% Triton supplemented with human IgG at 6 ug/ml.
The cells were then immunolabeled for 1 h with primary antibodies diluted in PBS-0.5% BSA, washed 3
times in PBS-0.5% BSA, and incubated for 1 h with the appropriate fluorescent conjugated secondary
antibodies. For triple labeling, the cells were blocked using mouse serum, washed, and incubated with
a mouse monoclonal antibody against CD81 coupled to FITC during 30 min in PBS-0.5% BSA supple-
mented with human IgG at 6 ug/ml to avoid unspecific labeling. The glass coverslips were then washed,
mounted on glass slides using Fluoromount-G (SouthernBiotech), and analyzed by using a 63X objective
and a spinning-disk (catalog number CSU-X1; Yokogawa) confocal microscope (catalog number
DMI6000; Leica Microsystems, Wetzlar, Germany).

CAp24/BST2 colocalization in infected cells was assessed by calculating Mander’s overlap coefficient
using the JACoP plug-in of ImageJ software. Image) was also used to determine the BST2 mean
fluorescence intensity (MFI) in the virus-containing compartments (VCCs) and the cytoplasm. To do so,
39 cells (from 3 healthy donors) under each infection condition were manually segmented by creating
specific masks for the VCCs and the cytoplasm. For each MDM, CAp24/BST2 colocalization and BST2 MFI
measurements were performed on the confocal optical section that presented the largest and highest
number of VCCs.

Measurement of the volume of the VCCs was allowed by 3D reconstruction of these compartments
using Imaris 7.2 software (Bitplane). For each MDM, a z-stack of optical sections (0.3-um step size; 30 to
50 slices) was acquired. Next, the 3D reconstruction of the VCCs was displayed using Imaris software, and
the surface segmentation was manually adjusted to accurately select the VCCs. The VCCs’ total volume
was assessed by adding the individual compartments’ volume values provided by the software for each
cell. The values were obtained for at least 26 cells under each condition and from up to 3 independent
donors (depending on the experiment).

Antibodies. The following antibodies were used in this study for immunofluorescence or Western
blotting: rabbit polyclonal anti-human BST2 (NIH AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID), rabbit polyclonal anti-Vpu (NIH), mouse monoclonal anti-CAp24 (ARP366;
National Institute for Biological Standards and Control) for Western blotting, mouse monoclonal anti-
CAp24 (25A; Hybridolab) for immunofluorescence, sheep polyclonal anti-TGN46 (AbD Serotec), mouse
FITC-conjugated anti-human CD81 (BD Pharmingen), mouse monoclonal anti-a-tubulin (Sigma-Aldrich),
and goat monoclonal anti-actin (Santa Cruz Biotechnology). Alexa Fluor 488-, Alexa Fluor 594-, or Alexa
Fluor 647-conjugated secondary antibodies against mouse or rabbit (purchased from Invitrogen) and
Cy5-conjugated anti-sheep antibody (purchased from Jackson ImmunoResearch) were used for immu-
nofluorescence. Horseradish peroxidase (HRP)-conjugated secondary antibodies against mouse, rabbit,
or goat immunoglobulin (Dako) were used for immunoblot experiments.

RT-qPCR. Total cellular RNA was extracted by using the RNeasy kit (Qiagen) according to the
manufacturer’s instructions and was treated with the RNase-Free DNase set (Qiagen) to remove residual
genomic DNA. RNA concentrations were determined using a Nanodrop system. For each sample, cDNA
synthesis was performed using 100 ng of total RNA with oligo(dT) and a high-capacity cDNA reverse
transcription kit (Applied Biosystems). The mRNA levels of BST2 and IFN-B were assayed by using
LightCycler 480 SYBR green | master (Roche) in a LightCycler instrument (Roche). The PCR conditions and
cycles were as follows: an initial DNA denaturation step at 95°C for 10 min, 45 cycles at 95°C for 10s, an
annealing step at 59°C for 30's, and an extension step at 72°C for 10s, followed by a melting-curve
analysis cycle. Analysis of each point was performed in technical duplicate. The relative abundance of
BST2 mRNA (sense primer 5'-CACACTGTGATGGCCCTAATG-3’ and antisense primer 5'-GTCCGCGATTCT
CACGCTT-3’) was calculated by the comparative AAC; method with normalization to the mRNA of the
housekeeping gene product glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sense primer 5'-TG
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CACCACCAACTGCTTAGC-3" and antisense primer 5'-GCATGGACTGTGGTCATGAG-3') and comparison to
one reference sample, indicated on each graph. Data presented are normalized to those obtained under
each condition at day 0 of infection, set at 100%.

Statistical analysis. All average values are presented as the means = standard errors of the means
(SEM). Data were analyzed by either unpaired two-tailed Student’s t test, when only two groups were
compared, or one-way analysis of variance (ANOVA) combined with Bonferroni’s or Holm-Sidak’s post hoc
test, when at least three groups were compared.
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